Introduction
Radiata pine is one of the most commonly planted exotic tree species in Galicia (northwest Spain). It occupies almost 60.000 ha (4 % of Galician forests) with an annual volume increment estimated at around 10 6 m 3 · year -1 (XUNTA DE GALICIA, 2001) . Together with Pinus pinaster (324.000 ha) and Eucalyptus globulus (290.000 ha), it accounts for 90 % of the Galicia forestry Industry. The main use for Pinus radiata timber is in the furniture industry and the trees are grown on a short rotation of some 16 to 30 years, depending on the fertility of the site. Production is approximately 600 x 10 3 m 3 per year, making planting of these species a very attractive investment (DANS DEL VALLE, 1999) . The demand for improved seed has warranted active breeding programmes.
Genetic improvement of P. radiata stock in Galicia was initiated in 1992 and has included phenotypic mass selection in plantations and use of this material for seed production in clonal seed orchards. A clonal radiata pine
Variation in Reproductive Phenology in a Pinus radiata D. Don Seed Orchard in Northern Spain
By V. CODESIDO 1),*) , E. MERLO *) and J. FERNÁNDEZ-LÓPEZ *) (Received 4 th October 2005) seed orchard was established in 1997 in Galicia to supply large quantities of genetically improved growing stock to this area. The main objective of a seed orchard is the production of genetically improved seed for reforestation purposes. The genetic quality of the seed is dependent on the fulfilment of certain criteria (ERIKSSON et al., 1973; WOESSNER and FRANKLIN, 1973; WEIR and ZOBEL, 1975) such as: a) clones are equally productive in male and female flowers, b) pollen shedding and female receptivity will coincide, c) crosses between different pairs of clones will be equally compatible, d) natural self-pollination will be insignificant.
Flowering phenology in an orchard is probably the single most important factor affecting outcrossing patterns (EL-KASSABY et al., 1988; ERICKSON and ADAMS, 1989; BURCZYK and PRAT, 1997) . Thus, for tree improvement it is important to investigate the extent of phenological flowering variation in seed orchards and to make predictions about the genetic composition of the seed crop. Significant genetic variation in the time of flowering and in yield has previously been reported for Scots pine seed orchards (SAVOLAINEN et al., 1993; MÜLLER and ZIEHE, 1984) , for Norway spruce (ERIKSSON et al., 1973; DANU-SEVICIUS, 1987) , for Douglas-fir (EL-KASSABY et al., 1984; COPES and SNIEZKO, 1991) , for Picea mariana (O'REILLY and PARKER, 1983) and radiata pine (GRIFFIN, 1984) . The flowering phenology is more strongly affected by environmental factors (NIKKANNEN, 2001) . Development of strobili depends on the temperatures to which they are exposed in the environment. Yearly variations in weather provide a physiological time scale that is biologically more accurate than calendar days.
The failure in synchronization of female flower receptivity and pollen shedding has a negative effect on the gene frequencies in the bulked seed produced in orchards (GRIFFIN, 1982; EL-KASSABY et al., 1984 , 1988 . A lack of synchronization in flowering can lead to nonrandom cross-fertilization, or cause a high number of empty seeds (BOES et al., 1991) or even increased selfing (BHUMIBHAMON, 1978) . Furthermore, quantification of phenological synchronization is fundamental in making decisions about orchard rouging, supplemental mass pollination or controlled pollinations within the orchard (EL-KASSABY and RITLAND, 1986; BLUSH et al., 1993) .
Several different techniques have been developed for quantifying the degree of reproductive synchronization between all mating pairs of clones (ASKEW, 1988; ASKEW and BLUSH, 1990; XIE et al., 1994; GÖMÖRY et al., 2000 GÖMÖRY et al., , 2003 . A programme intended for SAS-Pc 6.12 (SYN-CHRO.SAS) has recently been created to facilitate phenological data processing and to compute several phenological synchronization indices for each male-female combination and to enable construction of the male and female phenograms as well as other simple graphics that may help in the interpretation of phenological synchronization parameters (ZAS et al., 2003) The main aims of the present study were to determine the phenological variation in female and male flowering in a Pinus radiata seed orchard, to describe the timing of female receptivity and pollen shedding, and to determine the extent to which environmental factors affect flowering phenology. Further aims were to study the genetic variation in flowering time and the heritability of those variables, to find out the extent of the synchronization between female receptivity and pollen shedding with the aim of quantifying the percentage of clones that do not interbreed, and to discuss the possible consequences of variation in reproductive phenology for the seed crop produced in the seed orchard.
Materials and Methods
The study was conducted in a radiata pine seed orchard located 10 km southeast of Santiago de Compostela, A Coruña, Spain (42°49'N, 8°27'W, 270 m above sea level). The orchard extends over approximately 2000 m 2 and was planted in 10 randomized complete blocks. Each block contains one ramet of each of 62 clones. The orchard was established in 1997 by grafting clones intensively selected from plus trees in adult plantations in Galicia. The spacing is 1.5 x 3 m (CODESIDO and MERLO, 2001 ).
In 2000, 2001 and 2002, flower bud development was monitored in 25 randomly selected clones in the orchard. Between January and late March, the reproductive phenology of three male and three female marked branches on each tree was observed three times a week to determine the phenological stage of each strobili in each branch at a given date, until all pollen was released and seed cones were no longer receptive. The number of ramets per clone varied between 5 and 8. Observations of flowering were made on the same trees each year, but not always on the same branches.
We distinguished four female stages and four male stages. The female stages were described by MATZIRIS (1994) as follows: stage 1, the female bud is increasing in size, becomes cylindrical, but is still completely covered by the bud scales (0 % female receptivity); stage 2, the apex of the enlarged cylindrical bud is opened and the first ovuliferous scales appear. At this stage the ovules are not receptive, but pollen grains may get inside the bud scales and if they survive they may to be able to take part in fertilization (20 % female receptivity); stage 3, the scales of the female conelet are gradually separated and almost form right angles with the axis of the conelet. This is the stage of maximum receptivity (100 %), and stage 4, the ovuliferous scales increase in size and thickness so that the strobili are no longer receptive (0 % female receptivity).
The male stages were described as follows (CODESIDO and MERLO, 2001) : stage 1, the round brown strobili are covered by the bud scales (0 % pollen shedding); stage 2, the male strobili burst through the bud scales and elongate (0 % pollen shedding); stage 3, the yellow strobili start shedding their pollen (100 % pollen shedding) and stage 4, end of pollen shedding. The male strobili wither and fall down (0 % pollen shedding).
When there was more than one female flower per branch, we considered the beginning of female receptivity in all of the branch when some of the flowers reached the receptive stage. In the same way, receptivity was not considered to be concluded until all the female strobili of Codesido et.al.·Silvae Genetica (2005) (ASKEW and BLUSH, 1990) .
Phenological scores must be assessed on each branch in each ramet on each day of the study. The data were processed using the SYNCHRO.SAS programme, introducing the percentage of female receptivity or the percentage of pollen shedding associated with each phenological score and the date of the start and the end of assessment to obtain: the predicted beginning, end and duration of female receptivity and pollen shedding for each clone and for each ramet; the overall synchronicity graph, which represented the overall mean female receptivity and mean pollen shedding in all clones over time (e.g. MATZIRIS, 1994) ; the male and female phenograms presented as bands over time, which represented the relative female receptivity (or pollen shedding) of each clone at a given date (see e.g. ASKEW and BLUSH, 1990 ).
The climatic data for the study period were obtained from the Sergude weather station (located 200m from the seed orchard) and consisted of mean daily temperatures recorded from December 1 st onwards (BOES et al., 1991) including effective temperature (sum of degreedays > + 5°C), between 2000 and 2002, as well as mean daily precipitation during the flowering period.
The day of the year (from 1 st January) was used to identify the following variables: beginning and end of female receptivity and pollen shedding. The duration (number of days) was calculated by subtraction. These variables were analysed using the SAS GLM procedure (SAS Institute Inc. 1985) with individual analysis each year and combined analysis over more than one year.
The random models were respectively: X ijl = µ + C i + B j + ε ijl for each year and
for the combined analysis of variance over years for each trait, where X was the variable value in the ramet, µ was the overall mean, C was the random effect of the clone, B was the random effect of the block and ε was the error. In the combined analysis, Y was the random effect of the year, C x Y was the interaction between clones and years. Variance components were estimated equating the type IV mean squares in the ANOVA table. Variable means, standard errors and coefficients of variation among clones were obtained ( Table 2) .
Broad sense heritability (h 2 c = clonal repeatibility) on a clonal mean basis were calculated for each year and for combined years respectively, as follows: Table 1 . -Basic statistics of traits under study: female and male onset, ending and duration for the three years. Phenotypic correlations between all combinations of the variables were estimated as Pearson correlation coefficients (r) and were used to determine the extent of relationships between flowering traits.
Results
Timing of flowering was determined in each year. The overall statistics of the initiation, cessation and duration of female receptivity and pollen shedding are shown in Table 1 The length of the breeding season varied considerably among years but the variation in cumulative degreedays was low. The cumulative growing degree-days until the day of the female receptivity initiation was 210.19 in 2000, 245.25 in 2001 and 214.55 A summary of the results of ANOVA for all the variables measured in each year is shown in Table 2 . Differences among clones were very large and statistically significant for all traits investigated and the values of sums of squares indicated the most important sources of variation. Differences between years were revealed by combined analysis of variance where a clone x year interaction was found, but this source of variation was less important than variation among clones when comparing MS ( Table 2) . were no great changes in the relative ranking of clones from year to year ( Table 3 ).
The year to year correlations for the initiation and cessation of reproductive stages were moderate and statistically significant ( Table 3 ). The correlations between initiation and cessation of female receptivity within years were quite high, positive and statistically significant. Similar results were found for the initiation and cessation of pollen shedding. Moderate to high negative correlations between the initiation of reproductive stages and their respective durations were obtained. The correlations between initiation of female receptivity and pollen shedding were positive and statistically significant, except in 2000. Otherwise, the correlations between cessation of female receptivity and pollen shedding were moderate, positive and statistically significant, again except in 2000. There were no correlations between the duration of female receptivity and pollen shedding within years (data not shown). *** Statistically significant at P < 0.0001; ** Statistically significant at P < 0.001; 1 Degrees of freedom: 24; 2 Degrees of freedom: 9; 3 Degrees of freedom: 2 Table 2 . -MS, level of significance and clonal heritability for traits measured in single and combined year analysis. Table 3 . -Year to year PEARSON's coefficients of correlation between flowering traits investigated. *** Statistically significant at the P < 0.0001; ** Statistically significant at P < 0.00l. The large variation among clones in the initiation, cessation and duration of female receptivity and pollen shedding was also evident in the phenograms (Figure 3) . The differences between the clones that were earliest and latest in starting the receptive period were between 8 and 19 days for the beginning of the female flowering. The same clone (clone 41) was earliest in starting the receptive period in all three years (February 1  st Differences between and within clones were found in both male and female flowering time. The length of the time period during which receptive female strobili and pollen shedding occurred varied between clones.
In the phenograms (Figure 3) the boxes of the righthand-side show the average clonal overlap indices. The PO ij index (ASKEW and BLUSH, 1990) , which is a quantitative measure of the proportional symmetry of the female and male phenograms, is the ratio of the common area to the maximum area between the female and male phenograms summed across all registered days and for each pair of clones. The variation in the index 
Discussion
Flowering phenology was characterized by a steady increase in the number of receptive trees and the absence of pollen donors at the beginning of the receptive period. After a few days of female receptive period in the seed orchard, there was a steady increase in pollen production with a peak in pollen shedding. Although in many pines male and female flowering phenology starts at about the same time (BLUSH et al., 1993) , female flowering in radiata pine started a few days before male flowering (GRIFFIN, 1984) as in Pinus nigra (LARIO et al., 2001) and in Scots pine (SARVAS, 1962; BURCZYK and CHALUPKA, 1997) . The duration of the receptive period in the seed-orchard under study (between 32 and 37 days) was closer to the 35 days found for radiata pine in New Zealand (LILL and SWEET, 1977) and also for other conifer species such as Scots pine (31 days, JONSSON et al., 1976) , Douglas-fir (30 days, EL-KASSABY et al., 1984) and Sitka spruce (33 days, EL-KASSABY et al., 1990) .
The timing of flowering appeared to depend to a large extent on the sum of degree-days (SARVAS, 1967; CHUNG, 1981; BOES et al., 1991) . The results for different years were very close and similar to data obtained by PARAN-TAINEN and PULKINNEN (2003) in the second year of phenological study of a Scots pine seed orchard (217.1 d.d. for female flowering initiation and 243.2 for the onset of male flowering). It may be necessary for a certain cumulative temperature threshold to be reached before to the flowering process begins in the orchard and for the maximum percentage of female flowers to be receptive and pollen release to occur. The differences between years were associated with environmental factors (note that the flowering process started on . JONSSON et al. (1976) pointed out that temperature conditions were largely responsible for the variations in pollen dispersal from year to year and also there were of greater importance for the onset and duration of the receptivity than the date in Scots pine. The beginning of anthesis is positively correlated with the cumulative degree-days of the preceding growing season (LUO- MAJOKI, 2003) . Moreover, COPES and SNIEZKO (1991) observed that cool March temperatures tended to compress the length of the breeding season and thereby increase the possibility of panmixia in a Douglas fir orchard. Rainfall may also interfere with the phenology process from year to year. The quantity and rate of pollen shed is dependent on relative humidity and rainfall patterns (EBELL and SCHMIDT, 1964) , pollen shedding was interrupted, there was a gradual build-up to peak flowering and the percentage of strobili shedding pollen diminished because some strobili had lost their ability to flower; if flowering was not interrupted by rainfall, there tended to be a rapid build-up until maximum shedding (2000) . Photoperiod may also have been an influencing factor as it has been found to affect male and female flowering to different degrees (GYERTICH, 1967) .
The statistical differences among clones in terms of the dates of receptivity and pollen shedding initiation in every year studied along with the clonal heritability values, showed that the time needed to reach these flowering stages was under strong genetic control. Ranking of clones according to the number of days required from December 1 st until receptivity or initiation of pollen shedding showed a high degree of similarity in all the three years. This indicates that clones that flowered early in one year usually did so in other years; late flowering clones were also consistently late in flowering. Similar results have been also reported for several conifers such as radiata pine (GRIFFIN, 1984) , loblolly pine (ASKEW, 1988) , Scots pine (JONSSON et al., 1976) , Douglas-fir (EL-KASSABY et al., 1984) and Black pine (MATZIRIS, 1994) . The same occurred with the cessation of receptivity and pollen shedding. Genetic control was stronger in the female than the male flowering process, as in Pinus nigra (MATZIRIS, 1994) . The small differences between years are probably due to the fact that the strobili under study did not occupy exactly the same position on the graft each year and is well known that the onset of flowering in the strobili growing on the southfacing part of the graft were early with a short duration of receptivity, whereas the strobili on north-facing part exposure showed late onset and prolonged receptivity (JONSSON et al., 1976; NIKKANEN, 2001) .
The large variation among clones in the stages of flowering and their duration times was evident from the results of the analysis of variance ( Table 2 ). The repeatability values were very high and constant among years, except for the duration of pollen release. It may be that environmental factors had a stronger effect on male than on female phenology, as in a Norway spruce seed orchard in southern Finland (NIKKANEN, 2001) . The length of the pollen shedding period may vary depending on the weather in a specific year. Although the results of the combined analysis showed repeatability for this trait in terms of mean results for clones, this was the only one factor that showed large differences from the heritability in the separate analyses, indicating that duration of pollen release may depend on the weather in a specific year. Repeatability among ramets within clones for female receptivity and initiation of pollen shedding were very similar to those observed by MATZIRIS in Pinus nigra (1994) and in Douglas fir by ERICKSON and ADAMS (1989) .
The year to year correlation coefficients for the dates of receptivity or pollen shedding initiation, and the dates of cessation of those stages were positive, moderate and statistically significant, again demonstrating that the clone ranking was very similar in the years under study. There were no correlations between years for duration of traits, so that the duration of flowering stages of the clones was not consistent from year to year and that strongly affected by environmental fluctuations. There were high negative correlations between the date of initiation of female receptivity or the date of initiation of pollen shedding and their respective durations. This indicated that the clones beginning pollen release early do so for a longer time than clones beginning pollen release later. Clones with pollen available for a relatively long period of time are more likely to have their genes transmitted to progeny than clones with pollen available for only a short time (BOES et al., Codesido et.al.·Silvae Genetica (2005) 1991). The female clones that showed early onset of the flowering process were also receptive for longer because they must be receptive until the initiation of pollen shedding so that they can be pollinated. The duration of the female receptivity depended on the existence of pollen in the air because this stage would finish when the pollen grains penetrate between the ovuliferous scales and reach the pollen chamber of the ovules (MATZIRIS, 1994), and we found significant small positive differences between the date of initiation of receptivity and the date of initiation of pollen shedding each year. This means that the female strobili must try to adapt their receptive period to the time of pollen shedding to be able to be pollinated, because it is clear that female strobili cannot be pollinated if there is no pollen in the air and that clones with receptive flowers when maximum quantities of pollen are available can be more heavily pollinated than those with flowers that became receptive before or after that time. Similarly, clones that become receptive too late cannot be pollinated and the strobili would be receptive until they dried up and fell down.
The synchronization of each clone was characterized by the phenological overlap indices. The index provided us with a tool for tracking the development of the young seed orchard, showing increasing values from year to year (ASKEW and BLUSH, 1990) . During the three years under study, we observed a gradual shift in flowering phenology, probably due to the juvenility of the seed orchard, with synchronization between female receptivity and pollen shedding periods improving with time. The progressive synchronization over the years is also evident in Figure 1 . Variation among clones in synchronization of flowering production is found to occur in nearly all first generation seed orchards (SARVAS, 1962 (SARVAS, , 1968 SWEET, 1975; EL-KASSABY et al., 1984; EL-KASSABY and REYNOLDS, 1990) . Having a measure of the flowering synchrony of each clone with the remainder of the clones in the orchard is important for assessing the genetic value of the orchard crop (ASKEW and BLUSH, 1990) .
Stabilization between all pair of clones appeared to be reached, each clone could pollinate each other at some moment of the pollen shedding process and could also be pollinated by any clone in some moment of its receptivity phase. In 2000, 19 % of all possible combinations among 25 clones showed PO > 0.5, this percentage increased to 34 % in 2002, but in 2001 it fell to only 0.9 % because, 2001 was a very warm rainy year and the breeding season was unusually long, 55 days compared with 40 days in 2000 and 2002, and produced more deviations from pancmitic equilibrium. In Douglas-fir, greater genetic efficiency was found in seed orchards when the breeding seasons were preceded by 3 or 4 weeks of cooler than normal weather (FASHLER and SZIK-LAI, 1980; COPES and SNIEZKO, 1991) and, potential outcross efficiency may be 30 % less in the orchards when warmer than normal temperatures occur 3 to 4 weeks preceding floral bud opening. The indices varied greatly among any one male or female parent and also among years. The overall seed orchard PO index value was 0.34 in 2000 , 0.29 in 2001 and 0.42 in 2002 . BURCKZYCK and CHALUPKA (1997 reported averages of 0.41 and 0.40 during two consecutive years in a 17 year old Scots pine seed orchard, results that are also consistent with the data obtained by TORRES (2003) for a Pinus pinaster seed orchard in Spain. In 2002 the orchard reached desirable PO values, except for clone ID38 which was severally affected by Rhyacyonya buoliana the summer before and all its ramets appeared to be unhealthy. This was the only clone in 2002 that could not pollinate some of the other clones. If we eliminate this clone from the orchard we could obtain good flowering synchronization, with an orchard mean PO value about 0.6. In general, the best overlapping male flowering clones appeared to be those clones that started flowering earlier (i.e. clones 11, 42; Figure 3) . Nevertheless, the highest overlap indices for female flowering were observed for intermediate flowering clones (i.e. 2, 39, Figure 3 ) as in Scots pine (BURCKZYCK and CHALUPKA, 1997) . This indicates that the early and late flowering clones had lower potential outcross efficiency than the clones with more intermediate floral phenology. It was very interesting to verify that those clones with lower male PO indices were those with the higher female PO indices and vice versa. It may be very difficult to make decisions about which clones to use in the future.
We can conclude that there was significant genetic variation among clones in terms of male and female flowering process. The earliness of pollen release and female receptivity were under strong genetic control, and the precocity ranking was very similar from year to year. The reproductive synchronization of the seed orchard was not perfect, but improved each year. The PO values were useful for following the development of young seed orchards until reaching reproductive stability.
